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INTRODUCTION 


In  a  M^y  leliaUe  timing  systmi,  it  may  be  desiraUe  to  have  two  atomic  frequency  standards 
operating  at  all  times,  so  diat  if  one  of  them  malfunctions,  the  odier  one  can  take  over  the  timing  func¬ 
tion  without  a  wann-iq}  time  lag.  Also,  cross  checks  might  be  performed  to  verify  perfonnance.  Since 
bodi  standards  could  be  installed  close  to  eadi  other,  sharing  power,  ground,  and  control  wiring,  the 
possiUlity  of  RF  couplings  between  them  causing  frequency  shifts  in  the  unit  being  used  as  the  sys¬ 
tem's  frequency  reference,  or  impairing  its  frequency  stat^ty,  must  be  addressed.  As  an  examfde,  the 
current  architecture  of  GPS  Blodc  IIR  satellites  envisions  two  atmnic  frequency  standards  being  pow¬ 
ered  simultaneously,  cme  as  the  active  reference  clock  and  the  odier  as  a  hot  standby;  under  most  cir¬ 
cumstances,  both  would  be  rubidium  atomic  frequency  standards  (RAFSs).  In  the  satellite  envinm- 
ment,  potential  couplings  are  definitely  a  concerrt  In  order  to  assure  that  the  system  performance  will 
remain  within  acceptaUe  bounds,  die  effect  of  these  cou{dings  must  be  evaluated,  and  the  level  of  isola¬ 
tion  between  clocks  required  to  keep  coupling  effects  acceptably  small  must  be  detennined. 

We  have  conducted  an  experimental  {xogram  to  determine  the  magnitude  and  characteristics  of  the 
effects  of  RF  coupling  between  two  power^  RAFSs  by  measuring  frequency  shifts  and  Allan 
Variances  of  the  active  clock  output  as  a  function  of  the  power  coupled  in  firom  the  hot-standby  clock, 
and  the  frequency  offset  between  both  clocks.  The  results  present^  and  discussed  in  this  report  have 
been  obtained  with  EFRATOM  FRK-L  RAFSs,  which  vrere  available  in  our  laboratory. 


EXPERIMENTAL  APPROACH 


Since  the  type  and  strength  of  the  possible  couplings  between  clocks  will  depend  on  the  details  of 
their  construction,  as  well  as  on  their  relative  positions  and  orientations,  wiring,  etc.,  an  evaluation  of 
the  acmal  effects  of  those  possible  couplings  on  system  performance  would  be  extremely  difficult 
except  on  the  final  assembled  hardware.  The  approach  we  have  taken  instead  is  to  identify  the  worst 
possible  coupling  modes,  measure  the  effects  of  those  couplings  on  clock  performance,  and  then 
determine  the  level  of  isolation  required  between  clocks  to  insure  that  system  requirements  will  be  met 
Preliminary  analysis  and  experimentation  indicated  that  direa  coupling  of  the  output  of  the 
standby  clock  into  the  control  input  of  the  voltage-controlled  quartz  crystal  oscillator  (V CXO)  of  the 
active  clock  results  in  the  highest  impact  on  the  active  clock’s  performance.  We  have  investigated  the 
b^avior  of  the  active  clock  in  this  configuration,  using  the  experimental  arrangement  shown  in  Figure 
1.  The  output  of  the  standby  RAFS  is  fed,  after  suitable  attenuation,  into  the  active  RAFS’s  VCXO 
control  point;  the  frequency  offset,  Af,  between  the  two  RAFS  and  the  power  level  coupled  in.  Pc.  can 
be  varied.  The  output  frequerKy  of  the  active  RAFS  is  measured  using  standard  heterodyning  tech¬ 
niques.  An  Oscilloquartz  B  VA  VCXO  is  used  as  the  frequency  reference  for  the  frequency  synthesizer 
and  counter  for  integration  times,  t,  of  up  to  1(P  s.  Some  of  our  results  have  been  extendi  to  10^ 
integration  times  by  replacing  the  BVA  VCXO  by  an  FTS  Model  5000  Cbsium  Beam  Atcxnic  Frequency 
Standard  (CAFS).  Using  this  setup,  we  can  measure  active  RAFS  frequency  shifts,  and  Allan 
Deviations,  Oy(T),  as  a  function  of  ^  and  Pq. 
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OVCXO  CONTROL  POINT 


33  dB 


Figure  1.  Worst-case  test  configuration.  The  standby  clock  signal,  ofiset  by  Af, 
is  injected  at  the  VCXO  voltage  control  pin  of  the  active  clock.  A  80  dB  variable 
attenuator  allows  control  of  the  signal  level.  The  Allan  Variance  and  frequency 
shift  of  the  active  clock  are  measured  using  standard  heterodyning  techniques. 


FREQUENCY  SHIFTS 


The  fractional  frequency  shift,  of  the  output  of  the  active  RAFS  was  measured  with  the 

standby  RAFS  offset  by  i^f~  10"^,  lO"*®,  and  10*1  The  level  of  the  standby  RAFS  signal  coupled 
at  the  VCXO  control  point  was  adjusted  using  the  0-80  dB  variable  attenuator  shown  in  Figure  1.  Each 
frequency  shift  measurement  was  corrected  for  drift  by  measuring  the  frequency  of  the  uncoufded  active 
RAFS  immediately  before  and  after  it  Figure  2  presents  the  measured  fr^uency  shifts  for  the  three 
nominal  standby  RAFS  offsets  versus  the  peak-to-peak  coupled  signal  level  in  a  log-log  plot  The  two 
short  lines  at  the  center  of  the  plot  indicate  the  expected  slopes  for  a  shift  proportional  to  the  coupled 
power  (solid  line)  and  the  coupled  amplitude  (dashed  line).  Clearly,  the  data  support  a  ^ft  prropor- 
tional  to  the  power.  Figure  3  shows  the  frequency  shifts  measured  for  each  one  of  the  three  offsets  ver¬ 
sus  the  coupled  signal  power  into  the  50fl  termination  at  the  VCXO  control  pxiinL  Each  data  set  was 
fitted  by  a  linear  =  aPc  law;  the  slopes  are  a  =  4.9, 5.2  and  5.5  x  lO"^  VmW  for  Zftf=  10'^  ^ 
lO'lO  and  lO"^,  respiectively.  The  differences  between  the  coefficients  are  not  significant,  indicating 
that  the  ftequency  shifts  are  indepiendetu  of  the  offset  between  the  two  RAFSs.  The  averaged  frequency 
shift  coefficient  for  RF  power  applied  at  the  VCXO  control  point  is  a  =  5.2  x  lO"!  ^AnW. 

The  fact  that  the  frequency  shift  is  independent  of  the  ftequency  offset  between  the  clocks  and  is 
also  present  when  ttie  active  clock  output  is  fed  back  into  its  own  VCXO,  in  which  case  Af = 0,  sug¬ 
gests  some  typje  of  non-linear  rectification  of  the  coupled  signal  as  a  likely  origin  of  the  pxjwer-depien- 
dent  frequency  shift,  with  the  small  DC  voltage  thus  generated  coupling  into  the  RAFS  frequency 
ctmtrol  loop  before  the  integrator. 
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Figure  2.  Relative  frequency  shift  of  the  active  clock  vs.  injected  signal  level,  for 
three  different  ftequency  between  standby  and  active  clocks,  in  a  log-log 
plot.  The  two  lines  display  the  slopes  for  amfriitude-  or  power-dependent  shifts. 


FREQUENCY  STABILITY  MEASUREMENTS 


The  experimental  arrangement  shown  in  Figure  1  was  also  used  to  measure  the  AUan  Variance  of 
the  active  RAFS  as  a  function  of  standby  RAPS  offset  and  coui^ed  signal  level.  The  baseline  Allan 
Deviation  of  the  active  RAFS  was  first  measured  with  die  standby  RAFS  unpowered  and  then  measured 
again  with  the  powered  standby  RAFS  on  the  table  in  the  same  position  as  for  all  subsequent  measure¬ 
ments,  but  disconnected  from  the  active  RAFS.  The  lack  of  change  in  Gy<T)  indicates  dm  no  significant 
unintended  couplings  between  the  two  RAFSs  were  present.  Figures  4  and  S  show  the  changes 
induced  in  Oy(x)  by  decreasing  levels  of  signal  being  coupled  at  the  control  point  of  the  active  RAFS 
VCXO,  with  the  standby  RAFS  offset  by  &flf  =  lO"^  and  lO"*®,  respectively.  In  each  case,  for  high 
coupled  power  we  see  dramatic  oscillations  in  the  ay(T)  data,  which  gradually  disappear  as  mote  atten¬ 
uation  is  inserted  between  the  two  RAFSs.  When  the  coupled  power  is  attenuated  by  50  to  70  dB,  the 
baseline  Oy(x)  has  largely  been  recovered. 

The  period,  T,  of  the  oscillations  can  be  estimated  frcmi  the  10  dB  adenuation  data  to  be  ^roxi- 
mately  80  s  for  10"^  and  540  s  for  ^  =  10’*®.  It  is  easy  to  show  that  in  each  case  the  period  is 
the  reciprocal  of  the  frequency  offset  between  the  clocks,  corrected  for  the  aforementioned  power  shift: 

T= - 1 - . 

A/‘+  aPcf  (1) 
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Figure  3.  Relative  firequency  shift  of  the  active  clock  vs.  coupled  power  level,  for 
three  different  offsets  l>^een  standby  and  active  clocks.  The  lines  are  one- 
parameter  fits;  the  slopes  give  the  coupled-power  shift  coe£fici«it  The  diffaences 
between  the  slopes  are  not  significant 

where  a  is  the  frequency  shift  coefficient  discussed  in  the  preceding  section.  Using  (1),  for  10  dB 
attenuation,  we  obtain  T  =  75  s  and  T  =  520  s  for  nominal  fractional  offsets  10*9  and  10*^0,  respec¬ 
tively,  in  good  agreement  with  the  estimated  periods.  The  cause  of  these  oscillations  is  discussed  in  the 
last  section.  Longer-term  Oy(t)  data  obtained  using  an  FTS  CAFS  as  the  frequency  reference  shows 
that  the  oscillatory  behavior  described  above  also  occurs  for  longer  averaging  times. 


SIMULATED-SWITCH  CONFIGURATION 


We  have  also  explored  a  second  configuration,  shown  in  Figure  6,  in  which  the  highly  attpnn^tpd 
output  of  the  standby  clock  is  connected  directly  to  the  output  of  the  active  clock.  This  configuration 
simulates  tlw  situation  likely  to  be  encountered  in  a  space  vehicle,  where  a  switch  operated  by  telemetry 
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Figure  4.  Allan  Deviation  of  the  active  clock,  with  the  standby  clock  offset  by 
1  X  10'^,  for  increasing  attenuator  settings.  With  SO  dB  attenuation,  the  mea¬ 
sured  Allan  Deviation  is  very  close  to  the  baseline. 


AVERAGING  TIME,  sec 


Figure  5.  Allan  Deviation  of  the  active  clock,  with  the  standby  clock  offset  by 
1  X  10'^^,  for  increasing  attenuate  settings.  With  70  dB  of  attenuation,  the 
measured  Allan  Deviation  is  very  close  to  baseline. 
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Figure  6.  "Simulated  switch"  conflguiauon.  The  output  of  the  standby  clock  is 
connected  to  the  output  of  the  active  clock  through  an  attenuator,  representing 
the  "open"  side  of  a  switch  connectip?  both  clocks  to  the  rest  of  the  timing  sys¬ 
tem  on  board  a  satellite.  The  measu.ing  system  is  the  same  one  used  for  the 
worst-case  configuration  measurements. 

connects  the  active  clock  to  the  rest  of  the  timing  system,  while  inserting  a  large  (but,  for  a  real  switch, 
finite)  attenuation  between  the  standby  clock  and  the  rest  of  the  timing  system. 

Measurements  of  the  frequency  of  the  active  clock  showed  it  to  be  independent  of  both  the  offset 
between  clocks  and  the  signal  level  being  coupled  fiom  the  standby  clock.  This  is  uivletstandable  since 
the  signal  coupling  was  done  outside  the  active  clock;  thus,  there  is  no  reason  to  expect  its  frequency  to 
shift  in  any  way.  On  the  (Mher  hand,  frequency  stability  measurements  showed  exactly  the  same  type  of 
oscillations  in  the  Allan  Deviation  as  observed  in  the  first  configuration.  The  period  was  still  the  recip¬ 
rocal  of  the  frequency  offset  between  clocks,  but  in  this  case  tsf  did  not  need  to  be  corrected  for  the 
coupled-power  frequency  shift. 

In  order  to  determine  whether  these  oscillations  involved  any  interaction  of  both  signals  within 
the  active  clock,  we  inserted  a  unit-gain  buffer  amfdifier  between  die  active  clock  output  and  the  con¬ 
nection  point.  This  insertion  transmitted  forward  the  signal  from  the  active  clock  without  change,  but 
added  at  least  33  dB  of  attenuation  to  any  back-  coupling  of  the  signal  of  the  standby  clock  into  the 
active  clock  via  its  output  connector.  Since  the  osciUaticms  in  the  Allan  Deviation  were  not  affeaed  by 
this  insertion,  we  must  cotKlude  that  those  oscillations  simfriy  reflect  the  presence  in  the  clock  signal  of 
an  admixture  of  a  second  coherent  signal  at  a  slightly  different  frequency,  as  discussed  in  the  rtext 
sectioa 


EFFECT  OF  A  "BRIGHT  LINE"  OF  FREQUENCY  FLUCTUATIONS 

The  relationship  between  a  signal's  Allan  Variance,  <^(t)  and  its  one-sided  spectral  density  of  fre- 
quetKy  fluctuations,  Sy(/),  is  given  [1]  by: 
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For  the  situation  described  in  the  previous  secticm.  where  the  clock  signal  contains  an  admixture  of  a 
second  colv'rent  signal,  offset  by 

=  ,  (3) 

where  r  is  the  amplitude  coupling  coefficienL  Insetting  this  expression  for  5y(/)  into  (2),  we  obtain  for 
the  Allan  Deviatitm 


‘.ft 


(4) 


which  oscillates  with  period  l/Afas  shown  in  Figure  7.  This  OaciUatory  ‘uchavior  is  similar  to  what  we 
have  measured  in  both  of  our  test  configurations.  The  similarity  can  be  made  more  evident  by  adaing  a 
white-noise  FM  Cv.itribution  to  Sy\J)  to  obtain 


<Ty(x)  = 


iiiSfzf 


(5) 


This  Allan  Deviation,  plotted  in  Figure  8,  displays  a  dqiendence  on  t  quite  similar  to  what  we  have 
observed.  The  most  noticeable  difference  is  that  the  oscillations  in  the  measured  Oy(x)  are  damped  out 
faster  than  .  This  is  quite  likely  due  to  the  fact  that  Af.  vvhich  here  was  treated  as  a  fixed  parameter, 
is  actually  a  stochastic  variable. 


T,  1/Af 


Figure  7.  Allan  Deviation  due  to  a  "bright  line"  source  of  fractional  frequency 
fluctuations  (normalized  oy  the  amplitude  coupling  coefficient,  r)  vs.  averaging 
dme,  in  units  of  reciprocal  frequency  offset,  M. 
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T,  sec 

Hgure  8.  Allan  Deviation  calculated  fcff  a  spectral  density  of  frequency  fluctua¬ 
tions  consisting  of  the  sum  of  a  white  noise  FM  tenn  and  a  "bright  line"  term. 


CONCLUSIONS 


This  study  has  shown  that  the  presence  of  a  second,  standby  atomic  frequency  standard  in  a  tim¬ 
ing  system  will  add  an  oscillatory  term  to  the  system's  Allan  Variance,  thus  impairing  the  system's 
performance.  These  oscillations  can  be  fully  understood  in  terms  of  the  linear  superposition  of  the  out¬ 
puts  of  the  two  sources,  without  invoking  any  clock-dependent  mechanism,  and,  thus,  diis  conclusion 
has  very  general  validity.  The  amplitude  of  these  oscillations  will  depend  on  the  strength  of  the 
couf^ing  of  the  signal  from  the  standby  with  the  signal  of  the  active  clock,  and  can  be  made  negligible 
by  inserting  adequate  isolation  between  them.  For  the  configurations  we  have  explored  and  for  the  two 
EfratCHn  RAFS  we  have  used  in  this  study,  70  dB  was  an  adequate  level  of  isolation. 

Our  study  has  also  shown  that  under  certain  circumstances,  the  output  frequency  of  the  active 
atomic  clock  may  be  shifted  by  cot^rling  the  output  of  the  standby  clock.  This  result  depends  sensi¬ 
tively  on  the  actual  hardware  and  mode  of  cou|:ding.  In  the  conditions  of  our  study  (Effatom  RAFS  in  a 
worst  possible  case  configuration  with  the  standby  clodc  output  connected  to  the  voltage  control  point 
of  the  active  clock  VCXO),  the  frequerKy  shift  was  independent  of  clock  offset  and  dependent  only  on 
the  power  level  being  coupled.  The  coupling  coefficient  was  of  the  order  of  5  x  lO"^  *AnW  so  that  the 
level  of  isolation  required  to  reduce  the  Allan  Variance  oscillations  to  acceptable  levels  (approximately 
70  dB)  is  more  than  adequate  to  make  this  frequency  shift  negligible. 
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TECHNOLOGY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  “architect-engirteer”  for  national  security  programs, 
specializing  in  advanced  military  space  systems.  The  Corporation’s  Ibchnology  Operations  suf^rts  the 
effective  and  timely  devek^ment  and  operation  of  national  security  systems  through  scientific  research 
and  the  application  of  advatKed  technology.  Vital  to  the  success  of  the  Corporation  is  the  technical  staff’s 
widc'ranging  expertise  and  its  ability  to  stay  abreast  of  new  technological  oevetopments  and  program 
support  issues  associated  with  rapidly  evolving  space  systems.  Contributing  capabilities  are  provided  by 
these  individual  Technology  Centers: 

Electronics  Technology  Center.  Microelectronics,  solid-state  device  physics,  VLSI 
reliability,  compound  semiconductors,  radiation  hardening,  data  storage  technologies, 
infrared  detector  devices  and  testing;  electro-optics,  quantum  electronics,  solid-state 
lasers,  optical  propagation  and  communications;  cw  and  pulsed  chemical  laser 
development,  optical  resonators,  beam  control,  atmospheric  propagation,  and  laser 
effects  and  countermeasures;  atomic  frequency  standards,  applied  laser  spectroscopy, 
laser  chemistry,  laser  optoelectronics,  phase  conjugation  and  coherent  imaging,  solar 
cell  physics,  battery  electrochemistry,  battery  testing  and  evaluation. 

Mechanics  and  Materials  Technology  Center:  Evaluation  and  characterization  of  new 
materials:  metals,  alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  of 
carbon;  development  and  analysis  of  thin  films  and  deposition  techniques; 
nondestructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  development  and  evaluation  of  hardened  components; 
analysis  and  evaluation  of  materials  at  cryogenic  and  elevated  temperatures;  launch 
vehicle  and  reentry  fluid  mechanics,  heat  transfer  and  flight  dynamics;  chemical  and 
electric  propulsion;  spacecraft  structural  mechanics,  spacecraft  survivability  and 
vulnerability  assessment;  contamination,  thermal  and  structural  control;  high 
temperature  thermomechanics,  gas  kinetics  and  radiation;  lubrication  and  surface 
phenomena. 

Space  and  Environment  Technology  Center:  Magnetospheric,  auroral  and  cosmic  ray 
physics,  wave-particle  interactions,  magnetospheric  plasma  waves;  atmospheric  and 
ionospheric  physics,  density  and  composition  of  the  upper  atmosphere,  remote  sensing 
using  atmospheric  radiation;  solar  physics,  infrared  astronomy,  infrared  signature 
analysis;  effects  of  solar  activity,  magnetic  storms  and  nuclear  explosions  on  the  earth’s 
atmosphere,  ionosphere  and  magnetosphere;  effects  of  electromagnetic  and  particulate 
radiations  on  space  systems;  space  instrumentation;  propellant  chem'Stry,  chemical 
dynamics,  environmental  chemistry,  trace  detection;  atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions  and  radiative 
signatures  of  missile  plumes,  and  sensor  out-of-field-of-view  rejection. 


